A B S T R A C T Alloxan-diabetic rabbits develop a pronounced hypercholesterolemia and hypertriglyceridemia in response to cholesterol feeding. Despite higher levels of plasma cholesterol, these animals have much less atherosclerosis than cholesterol-fed nondiabetics. To determine whether this effect is due to properties of the lipoproteins, we compared chemical, physical, and metabolic characteristics of a very low density lipoprotein (VLDL) fraction (d < 1.019 g/ml) from the diabetic and nondiabetic cholesterol-fed rabbits. The molar ratio of triglyceride to cholesteryl ester in the particles from diabetic animals ranged from 2:1 to 6:1, and this ratio remained constant in subfractions from individual rabbits. Triglyceride from nondiabetic control animals was a minor component. Differential scanning calorimetry showed a distinct orderdisorder phase transition for cholesteryl ester at -420C in the fractions from control animals, whereas in fractions from most of the diabetics no such transition was observed, indicating that both triglyceride and cholesteryl ester are present in the core of the same particle. The relative amount of apoprotein E in particles from diabetic animals was much less than that of cholesterol-fed controls. The ability of the lipoproteins from both groups to stimulate cholesteryl ester formation in mouse peritoneal macrophages also was tested. Lipoproteins from cholesterol-fed controls stimulated cholesteryl ester formation in a dose-dependent manner, but particles from the diabetic group had little or no effect. The results suggest that the presence of unusual VLDL particles in diabetic cholesterol-fed rabbits is responsible, at least in part, for the
INTRODUCTION
The rabbit is a convenient animal model for dietaryinduced atherosclerosis, because a marked hypercholesterolemia develops several days after intake of a cholesterol-fed diet and visible aortic lesions appear within 2 mo (1). Early studies using cholesterol-fed rabbits made diabetic by alloxan administration showed that, despite the presence of hypercholesterolemia in these animals, there was a decrease in the severity of atherosclerosis when compared with nondiabetic control rabbits fed a similar diet (2, 3) . This inhibitory effect of alloxan diabetes on the development of atherosclerosis was minimized by treatment with insulin, and it was shown that the inhibition was associated with the diabetic state induced by alloxan rather than with any other effect of to alloxan per se (4, 5) . The effect of diabetes in the cholesterol-fed rabbit differed from that in man, since in man diabetes appears to increase both the rate of occurrence and severity of atherosclerotic disease.
The alloxanized cholesterol-fed rabbit was noted to differ from the cholesterol-fed control rabbits by a degree of hypertriglyceridemia in the diabetics much greater than that of the controls (2) . This lipemia, when associated with the hypercholesterolemia, was proposed as a factor stabilizing the cholesterol in blood and thereby minimizing deposition in the wall (6) . Previously, Gofman et al. (7) examined the ultracentrifugal properties of the plasma lipoproteins in cholesterol-fed rabbits and noted an association between the accumulation of larger and less dense particles (rate of flotation at d = 1.063 g/ml, 26°C, expressed in Svedberg units [Sf] ' = 12-30) and the subsequent development of atherosclerosis. When Pierce (8) compared the ultracentrifugal properties of plasma lipoproteins in alloxanized and in control cholesterol-fed rabbits, he noted that the lipemia in the diabetics was associated with the appearance of very large particles (Sf > 100) and that such particles were not present in the nondiabetic control rabbits. He proposed that the diabetic animals had a metabolic block in the conversion of lipoprotein of Sf > 80 into lipoprotein of lower Sf classes (8) .
Although much is known about the hypercholesterolemia in nondiabetic cholesterol-fed rabbits, few studies have been reported on the alloxanized model within the past 30 yr. The hypercholesterolemia in nondiabetic rabbits results from the accumulation of an abnormal very low density lipoprotein, designated 13 -VLDL, that is characterized by a very low density, ,B-mobility upon electrophoresis, size heterogeneity, and relatively high proportions of cholesteryl ester and apoprotein E (9) (10) (11) . Recent studies on the interaction of lipoproteins with cultured macrophages show that rabbit p-VLDL undergoes a receptor-mediated uptake by these cells, resulting in cholesteryl ester synthesis and accumulation (12) . The data suggest that :-VLDL are atherogenic particles responsible, at least in part, for the accumulation of cholesteryl ester characteristic of atherosclerotic lesions.
In the present study we compared the d < 1.019 g/ ml fractions between alloxanized cholesterol-fed rabbits and nondiabetic cholesterol-fed control rabbits to determine whether the reduced incidence of atherosclerosis in the diabetic might be related to changes in the physicochemical properties of the lipoproteins present in this fraction.
METHODS
Animal treatment. Male New Zealand white rabbits (2-2.5 kg) were purchased from Pine Acres Farm (Brattleboro, VT). Animals were housed individually and fed Purina Rabbit Chow (Ralston Purina Co., St. Louis, MO) ad lib. for 2-3 wk before any treatment. To produce diabetes, the animals were administered alloxan monohydrate (150 mg/kg body wt) by infusion of a 0.3 M aqueous solution through the lateral ear vein. 2 wk after alloxan administration, rabbits with plasma glucose levels >300 mg/100 ml were fed a diet containing 0.5% cholesterol and 8% corn oil and were kept on this diet for [8] [9] [10] [11] [12] wk. Control animals were not given alloxan, but were otherwise treated like the diabetics with respect to diet, housing, and feeding schedule. Fasting blood samples were taken weekly or bimonthly from the lateral ear vein and collected in 0.1% EDTA.
' Abbreviations used in this paper: apo, apoprotein; DMEM, Dulbecco's modified Eagle's medium; PAGE, polyacrylamide gel electrophoresis; Sf, rate of flotation at d = 1.063 g/ml, 26°C, expressed in Svedberg units.
At the end of the treatment period, animals were killed by guillotine after an overnight fast, and the aorta removed from the arch to the renal artery. The extent of lesion formation was assessed visually, the adventitia was removed, and the intima-media was homogenized in 10 mM Tris, pH 7.4 . Cholesterol content was measured on a lipid extract (13) prepared from an aliquot of the homogenate.
Isolation and characterization of lipoproteins. Lipoproteins were obtained from plasma drawn into EDTA after an overnight fast. Plasma was adjusted to a density of 1.019 g/ml with NaCl and centrifuged at 45,000 rpm for 18 h at 4°C in a 50 Ti rotor (Beckman Instruments, Inc., Spinco Div., Palo Alto, CA). The d < 1.019 layer was obtained with a tube slicer. To separate subclasses of VLDL, 1-2 ml of plasma adjusted to a density of 1.063 g/ml was layered beneath 30 ml of a solution adjusted to 1.019 g/ml in a thickwalled polyallomer tube. Centrifugation conditions were chosen with reference to the nomogram of Dole and Hamlin (14) (16) , and phospholipids were estimated as described by Bartlett (17) , with a factor of 25 to convert phosphorus to phospholipid. Protein was assayed by the method of Lowry et al. (18) and, when samples were turbid owing to excess lipid, extraction with chloroform was performed before determining optical density. Plasma glucose was measured enzymatically (19 (23) . The cells were incubated overnight with 2 ml DMEM containing 20% fetal calf serum, washed twice with DMEM, and then incubated for 5 h with 2 ml DMEM containing 0.7 mM [1-`4C]oleate (sp act 2,100-2,600 cpm/ nmol), complexed to bovine serum albumin at a fatty acid/ albumin molar ratio of 5:1. When indicated, the designated amount of lipoprotein was added directly to the petri dish at the beginning of a 5-h incubation. After incubation, the macrophages were washed three times with saline and scraped into centrifuge tubes. A lipid extract of the cell pellet was prepared (13) , the lipid classes separated by thin-layer chromatography, and the amount of cholesteryl [1-'4C]oleate formed during the incubation was determined (24) .
RESULTS
Animals were administered alloxan intravenously and routinely monitored for 2 wk before being fed the cholesterol-containing diet. Approximately 75% of the alloxan-treated animals survived this 2-wk period. In these animals, fasting plasma glucose increased from 110 to 420 mg/100 ml, plasma triglyceride rose from 40 to 420 mg/100 ml, and plasma cholesterol increased slightly from 40 to 95 mg/100 ml (averages for 12 animals). After cholesterol feeding began, plasma lipids rose sharply; after 1 wk on the diet, plasma triglycerides and cholesterol averaged 4,500 and 1,020 mg/100 ml, respectively. During the subsequent 2 mo on the 0.5%-cholesterol diet, plasma triglyceride levels in the diabetics were extremely variable between animals, ranging from 500 to 17,000 mg/100 ml. Glucose levels in several animals reverted to the normal range during the dietary treatment, and these animals were removed from the study. The nondiabetic animals fed cholesterol had normal glucose levels throughout the study (120-150 mg/100 ml), triglyceride values remained relatively low mg/100 ml), and plasma cholesterol rose progressively to values between 600 and 1,400 mg/100 ml.
After being maintained on the diet containing 0.5% cholesterol for 8-11 wk, animals were killed and the severity of atherosclerosis was assessed by measuring the total cholesterol content of the aorta from the arch to the renal bifurcation. As shown in Table I , although the average plasma cholesterol values in the nondiabetic control animals were less than half that of the diabetics at death (1,030 vs. 2,120 mg/100 ml), the aortic cholesterol content was significantly higher in We compared the properties of the d < 1.019 g/ml fraction from rabbit plasma, which contain the /l-VLDL particles characteristic of cholesterol-fed animals. Because the plasma lipid levels varied considerably during the period of cholesterol feeding of the diabetic animals, we chose to focus on the plasma obtained between 3 and 7 wk after initiating the diet, since plasma triglycerides of the diabetic group were at the highest levels during this period. Fig. 1 shows representative electrophoretograms of the plasma lipoproteins in the cholesterol-fed animals. The major lipoprotein in the nondiabetic control was a band migrating between human low density lipoproteins (LDL) and VLDL. In the diabetics, a less distinct band was seen in this region and material was also seen at the origin, even though the plasma was obtained from fasted animals. Previous studies on cholesterol-fed rabbits showed that much of the plasma cholesterol was associated with lipoproteins having a density of <1.019 g/ml. As shown in Table II , >80% of the total plasma lipids in diabetic rabbits fed cholesterol for 4-7 wk was contained in the d < 1.019 g/ml fraction, and -50% of total plasma lipids from the control group was in this fraction. Analysis of the lipid composition of this fraction indicated that cholesteryl ester was the predominant core lipid in the control group, with triglyceride forming <5% of total lipid. In contrast, triglyceride was the predominant lipid in the particles isolated from the diabetic animals, and the molar ratio of triglyceride to cholesteryl ester was '2: 1. In both groups, approximately equimolar amounts of the surface lipids, cholesterol, and phospholipid were present. Although more protein floated at d < 1.019 g/ml in the diabetic group, the weight ratio of protein to total lipid in the diabetic group actually was less than that of the control group. The fatty acid composition of cholesteryl ester and triglyceride contained in the d < 1.019 g/ml fractions is shown in Table III . Consistent with other studies (11), we found that oleic acid was the most abundant fatty acid esterified to cholesterol in the cholesterolfed control group and the ratio of oleate to linoleate was >2:1, in marked contrast to the corn oil used in the diet (oleate/linoleate ratio, 0.4). A relative enrichment of oleate also was seen in the triglyceride fraction of the control group. In the diabetic animals, linoleate was the most abundant fatty acid both in cholesteryl ester and triglyceride fractions, and the oleate/linoleate ratios averaged 0.9 and 0.7, respectively. The saturated fatty acids were '50% of the total in the triglyceride fraction of the nondiabetic group, but were <40% of the total fatty acids in triglycerides from diabetics and cholesteryl ester from both groups.
To address heterogeneity within the major lipoprotein classes, plasma was subfractionated by ultracentrifugation and the lipid composition of the lipoproteins obtained by flotation was determined (Table IV) . In the diabetic animals, >60% of total plasma lipid was associated with particles of Sf > 400 and >90% of total lipids had Sf > 20. Although progressively less neutral lipid was associated with the smaller, more dense particles isolated between Sf = 180-400 and Sf = 20-180, the ratio of triglyceride to cholesteryl ester ranged from 5:1 to 4:1 and appeared to vary inversely with particle size. The greater amount of triglyceride than cholesteryl ester within the different fractions suggested that both core lipids were associated with the same heterogeneous particle population. The molar ratio of cholesterol to phospholipid was an inverse function of particle size and was much lower in the Sf < 20 fraction. For comparison, plasma from nondiabetic animals fed the 0.5%-cholesterol diet also was fractionated (Table IV) . In the samples analyzed, which had an average plasma cholesterol of 660 mg/ 100 ml, only 6% of total plasma lipid was in the Sf > 400 fraction and almost 50% had an Sf < 20. Cholesteryl ester was the predominant core lipid in all fractions and, as with the diabetic particles, the molar ratio of unesterified cholesterol to phospholipid was close to 1. If the lipid compositions of the lipoprotein fractions shown in Table IV are plotted on triangular coordinates (Fig. 2) , important information may be obtained about the core and surface compositions of the lipoproteins (25, 26) . If all the data points for an individual set of subfractions fall on a single tie line, these fractions are in equilibrium with respect to core and surface composition and only the size of the particle is different (25) . The core and surface compositions are given by the intersections of the line through the composition points with the phase boundaries of the model system (25) . Thus, fractions 1, 2, and 3 fall on tie lines whose core and surface composition are given by the intersections with the phase boundaries. Note that, whereas cholesterol-fed control and the cholesterol-fed diabetic animals had similar surface compositions, the core compositions of the diabetic-fed control had only about half as much free cholesterol. This is probably related to the high cholesteryl ester content of the core in cholesterol-fed controls, since an increased cholesteryl ester content of the core causes an increased partitioning of free cholesterol into the core (25) .
Comparisons of the d < 1.019 g/ml fractions from nondiabetic and diabetic animals also were made with differential scanning calorimetry. Fig. 3 A shows a rep- (Table IV) from diabetic cholesterol fed animals (@) and cholesterol-fed controls (A) are shown (for the method of plotting, see reference 26). The dotted line is the boundary between the two-phase zone (core and surface) and a three-phase zone, which contains not only core and surface but can form cholesterol crystals (25, 26) . Fractions 1, 2, and 3 in both groups fall on lines, indicating that the fractions within a given group are in equilibrium and differ only in size. The largest lipoproteins are on the left-hand side and the smallest on the right. The intersection of these lines with the phase boundaries on the left and right sides of the diagrams indicate the core and surface compositions of these lipoprotein particles, respectively. Thus, the surface compositions of both groups are similar (-73% phospholipid, 25% cholesterol), 2% (cholesterol ester plus triglyceride) (A), whereas the core compositions are different. The diabetic cholesterol-fed animals that have a high triglyceride concentration (Table IV) have only -2% cholesterol in the core (B), while the cholesterolfed controls that contain a very high content of cholesterol ester in the core contain -4% of free cholesteryl (C). The finding that increased cholesteryl ester content in the core increases the distribution of free cholesterol into the core was predicted from model studies on such emulsion systems (25, 26 Fig. 3 B. In other samples, no detectable transition for cholesteryl ester or triacylglycerol was observed between 0 and 60°C, despite the presence of >12 mg core lipid in the calorimetry pan (Fig. 3 C) . The absence of any transition is consistent with a particle population containing both triglyceride and cholesteryl ester in the core of the same particles (22, 27) . If samples from diabetic animals showing no transition were mixed with samples from a control animal showing a transition, the transition for the control sample still was observed at the appropriate transition temperature (-42°C).
A qualitative assessment of the apoprotein (apo) composition of the d < 1.019 g/ml fractions was made using SDS-PAGE. Fig. 4 shows representative gel patterns from control and diabetes fractions. The major apoprotein from control animals was apo E, and lesser amounts of apo C was also detected, consistent with previous studies (9) . In contrast, the ratio of apo E to apo C in the diabetes fraction was much less than the control group, reflecting a relative lack of apo E.
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Brecher, Chobanian, Small, Van Sickle, Tercyak, Lazzari, and Baler The data presented above documented differences in the chemical and physical properties of the d < 1.019 g/ml fractions from diabetic and nondiabetic animals. Metabolic comparisons also were made by examining the ability of the lipoprotein fractions to stimulate the incorporation of added [1-_4C]oleate into cholesterol ester by mouse peritoneal macrophages. The lipoprotein fraction from nondiabetic animals stimulated cholesterol esterification in the macrophages in a dose-dependent manner proportional to the amount of total cholesterol contained in the added lipoprotein (Fig. 5 ). This stimulatory effect was optimal at -100 Mg cholesterol/ml incubation medium and appeared to correspond to saturation of receptors for ,3-VLDL on the macrophages (12) . When equivalent amounts of cholesterol from diabetic plasma lipoproteins were added, stimulation of cholesterol esterification was barely measurable and no evidence for a saturable process was detected. Table V summarizes data from a series of experiments where d < 1.019 g/ml fractions from four separate animals in each group were added to macrophages and the incorporation of labeled oleate into cholesteryl ester and triglyceride was determined. In separate experiments, it was shown that incorporation of labeled oleate into both cholesteryl ester and triglyceride was linear for at least 5 h in the presence of lipoprotein. When lipoprotein was not added to the macrophages, incorporation of labeled oleate into cholesteryl ester was negligible, whereas significant amounts of radioactivity were associated with the triglyceride fraction. Addition of fB-VLDL from either diabetic or control animals had only a slight effect on incorporation into triglycerides, despite the presence of between 190 and 420 ug triglyceride in the added ,B-VLDL from diabetic animals. Incorporation of labeled oleate into cholesteryl ester was increased only slightly by the diabetic,-VLDL, whereas all fractions from cholesterol-fed controls produced dramatic increases in cholesteryl ester formation. If mixing experiments were performed, the presence of diabetic samples did not affect the response of the macrophages to the ,B-VLDL from control animals (data not shown).
DISCUSSION
The diabetic cholesterol-fed rabbit developed a marked elevation of plasma cholesterol and plasma triglycerides, yet had a low incidence of aortic atherosclerosis, consistent with earlier observations (2, 3) . Since a major difference between nondiabetic and diabetic cholesterol-fed animals was the pronounced hypertriglyceridemia of the diabetic animals, it seemed possible that an alteration in the composition of the circulating lipoproteins could be a factor in the development of atherosclerosis. The major new findings of this study were the unique chemical and physical properties of the VLDL fraction from diabetic animal model and the lack of any obvious interaction of this lipoprotein fraction with mouse peritoneal macrophages. An objective of the present study was to determine whether the lipoproteins from the diabetic cholesterolfed rabbit contained different cholesteryl ester-rich and triglyceride-rich particles, or whether both neutral lipids coexisted in the core of the same particle. Chemical analysis of different subfractions obtained by sequential ultracentrifugation of the diabetic plasma showed only minor changes in the ratio of triglyceride to cholesteryl ester, apparently ruling out the possibility that large triglyceride rich particles resembling chylomicrons were present along with smaller, cholesteryl ester-rich ,B-VLDL particles.
More direct evidence that both neutral lipids were in the core of the same particle was obtained by calorimetry, where the order-disorder transition characteristic for cholesteryl ester in cholesteryl ester-rich particles (22) was usually absent in the lipoproteins from diabetic animals. The most plausible explanation for this effect is that triglyceride and cholesteryl ester are both contained in the same particle, and the presence of triglyceride prevents the ordering of cholesteryl ester necessary to form a liquid crystalline phase at the temperatures studied (22) . Triglycerides have been shown to produce such effects in model systems and in certain lipoprotein particles (22, (27) (28) (29) (30) . The fatty acid composition of cholesteryl esters also determines thermal behavior and the diabetic fraction did have more cholesteryl linoleate than the nondiabetic fraction, which should lead to a lower transition temperature. However, the cholesteryl ester composition of the diabetic fraction was similar to that of normal human LDL, which is known to show a characteristic transition between 20 and 40°C (22, 27) , and such transitions were absent in the diabetic fractions. The relatively high ratio of linoleate to oleate in both triglyceride and cholesteryl esters of diabetic rabbit lipoproteins probably reflects the corn oil contained in the diet, suggesting a dietary origin for the large particles. This contrasts with the lower linoleate/oleate ratio of the smaller lipoproteins that we and others (11) noted in the f,-VLDL of the nondiabetic animals. An occasional animal showed a small transition of low enthalpy at -380C (see trace B in Fig. 3) . These samples may have had a small quantity of the cholesteryl ester-rich fraction capable of giving a transition. Had the composition of cholesteryl ester been equally distributed throughout all the lipoproteins, the cholesteryl ester in the core would have been diluted with triglyceride and no transition would have been noted (28) . Analyses of the composition of the lipoprotein fractions by phase equilibrium techniques (25) indicate that, although the surface lipid composition was similar, the core of the cholesterol-fed nondiabetics contained more free and esterified cholesterol than the diabetic animals.
The f,-VLDL fraction from nondiabetic animals stimulated the incorporation of [1-'4C]oleate into cholesteryl ester by macrophages in a saturable, dose-dependent manner. This effect was similar to previous reports using ,B-VLDL from dogs or rabbits (12) , and it was established by others that a macrophage receptor for ,B-VLDL exists, and that binding, internalization, and lysosomal degradation of core cholesteryl esters precede intracellular cholesteryl ester formation (31) . The lipoprotein fraction from diabetic animals was ineffective in stimulating cholesteryl ester synthesis, suggesting that these particles did not undergo a receptor-mediated internalization and subsequent lysosomal degradation. Since our studies focused only on oleate incorporation into cholesteryl ester, we cannot define at which step of the pathway the diabetic fraction differed from the f,-VLDL.
It is conceivable that lipoprotein lipase, an enzyme recently shown to be associated with macrophages (32) , could have degraded the triglyceride contained in the diabetic fraction, resulting in formation of unlabeled fatty acid, thereby diluting the [1-14C] oleate in the medium and causing an apparent reduction of labeled oleate into cholesteryl ester. This sequence of events is unlikely, since the concentration of [1- 14C]oleate in the medium (0.7 mM) was usually severalfold greater than the triglyceride contained in the added lipoprotein and the incorporation of labeled oleate into macrophage triglyceride was not reduced as a result of adding lipoproteins (Table V) .
The relatively low amount of apo E in the lipoprotein fraction from diabetic animals may explain why these particles did not influence cholesteryl ester formation in macrophages. Apo E, a major apoprotein in ,B-VLDL from nondiabetic cholesterol-fed models, has been shown to be recognized by lipoprotein receptors in fibroblasts (33) and liver (34) . Qualitatively, the ratio of apo E to apo C in the particles from diabetic plasma was much less than that in the cholesterol-fed controls, and this ratio could determine binding to a macrophage receptor in a manner analogous to binding of emulsions or remnant particles to hepatocyte lipoprotein receptors (35, 36) .
In man, a positive correlation between hypertriglyceridemia and atherosclerosis is well established. Recent 
